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Abstract: The torsional characteristics of single walled carbon nanotube (SWCNT) with water interactions
are studied in this work using molecular dynamics simulation method. The torsional properties of carbon
nanotubes (CNTs) in a hydrodynamic environment such as water are critical for its key role in determining the
lifetime and stability of CNT based nano-ﬂuidic devices. The eﬀect of chirality, defects and the density of water
encapsulation is studied by subjecting the SWCNT to torsion. The ﬁndings show that the torsional strength of
SWCNT decreases due to interaction of water molecules and presence of defects in the SWCNT. Additionally,
for the case of water molecules encapsulated inside SWCNT, the torsional response depends on the density
of packing of water molecules. Our ﬁndings and conclusions obtained from this paper is expected to further
compliment the potential applications of CNTs as promising candidates for applications in nano-biological and
nano-ﬂuidic devices.
Keywords: Carbon nanotube; Water interaction; Torsion; Water encapsulation; Nano-ﬂuid; Molecular
dynamics
Citation: V. Vijayaraghavan and C. H. Wong, “Torsional Characteristics of Single Walled Carbon Nanotube
with Water Interactions by Using Molecular Dynamics Simulation”, Nano-Micro Lett. 6(3), 268-279 (2014).
http://dx.doi.org/10.5101/nml140029a
Introduction
Research in carbon nanotubes (CNTs) has gained
enormous interest in nanotechnology and materials sci-
ence due to its remarkable physical and mechanical
properties [1,2]. CNTs possess a unique combination
of high strength and ultra-light weight which makes it
a promising application in nanoelectromechanical sys-
tems (NEMS) such as springs [3], and oscillators [4].
These applications require a critical understanding of
the torsional properties of CNTs. In addition, CNTs
have also demonstrated the potential to be used in
the ﬁeld of nano-drug delivery systems [5,6], and nano-
ﬂuidic devices [7,8]. Hence, understanding the torsional
elastic properties of CNTs in a hydrodynamic environ-
ment is important to optimize the performance of CNTs
for its use in NEMS and nano-level biological devices.
Many studies have been aimed to investigate the tor-
sional elastic properties of CNTs by means of experi-
mental or theoretical based approaches [9-12]. Lu and
Hu [13] proposed a novel and improved ﬁnite element
3D model based on molecular mechanics approach to
study the elastic properties of CNTs under tension and
torsion. Using this model, they investigated the ef-
fects of diameter and helicity on the Young’s modu-
lus and shear modulus of SWCNTs. Wang et al [10]
deployed Molecular dynamics (MD) simulation tech-
nique to determine the mechanical properties of CNTs
under torsion. They found that the shear modulus
of CNT increases with increasing the radius of CNT.
Zhang et al [12] studied the eﬀect of various types of
defects and temperature on the torsional responses of
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defective SWCNT. The studies showed that the tor-
sional strength is strongly dependent on the chirality,
type of defects, and temperature. Faria et al [14] stud-
ied the elastic behavior of chiral SWCNTs namely the
(6, 3) CNT, under combined tension-twisting. They
conducted MD simulation studies on the SWCNT sub-
jected to three forms of mechanical loading, viz. pure
tension, pure torsion and combined tension-torsion. It
was found that the elastic modulus of the SWCNT un-
der pure tension and torsion were much higher than
that of the combined tension-torsion. Jeong et al [15]
studied the torsional responses of carbon nanotubes
ﬁlled with SWCNTs, fullerenes and gases. Their inves-
tigations revealed that the torsional responses of SWC-
NTs will be distinct which depends on the density and
nature of the ﬁlling material. In addition, the torsional
characteristics of CNTs ﬁlled with metals such as cop-
per [16] and silicon atoms [17] have also been studied
in the literature.
It can be seen from the above mentioned literature
studies that the torsional properties of the CNTs have
been well studied and investigated in freeform and those
ﬁlled with gases and metal atoms. However, it should
be noted that the torsional strength of CNTs in hydro-
dynamic environment (with water) is still yet to be in-
vestigated. It is widely recognized that CNTs operating
in hydrodynamics environment (such as nano-ﬂuidic de-
vices) will experience distinct loading conditions due to
interaction of the surrounding water molecules. Hence,
the main objective of our work is to investigate the
torsional characteristics of free form and water sub-
merged SWCNT. Furthermore, the inﬂuence of geomet-
rical characteristics such as the chirality and the eﬀect
of defects on the torsional response of a CNT in water
medium present an important and crucial design input
for fabricating CNT based nano-ﬂuidics and NEMS de-
vices. The elastic properties of SWCNTs under various
forms of water interaction have been comprehensively
studied and the results are presented in this paper.
Computational model
The numerical simulations described in this work
were carried out by using the classical molecular dy-
namics simulation method using LAMMPS software
[18] where force ﬁeld equations are used to describe the
inter-atomic interactions. These inter-atomic interac-
tions can be divided into the interaction between the
carbon atoms of SWCNT, the interaction between the
water molecules and the carbon atoms of SWCNT and
the interaction between the water molecules. The inter-
atomic interactions of carbon atoms in SWCNT are
described using the Adaptive Intermolecular Reactive
Empirical Bond Order (AIREBO) potential [19]. The
AIREBO potential is able to accurately describe the
properties of solid-state and molecular carbon nanos-
tructures [20,21] while maintaining the accuracies of
the ab initio and semi-empirical methods in simulat-
ing large systems [22]. The torsional interaction due
to dihedral angles in the system is also implemented in
addition to the long range interactions in the AIREBO













represents the interaction energy
deﬁned by the Brenner’s second generation REBO





describes the long range
Lennard-Jones (LJ) (12-6) interaction between the car-
bon atoms.
The non-bonded interactions between the SWCNTs
and the water molecule is typically modeled using a LJ
potential function [24,25], which accurately describes
the short-range electron repulsion and long-range elec-
tron attraction between the CNT and water molecules.
The LJ potential is tuned using the parameters ob-
tained from Ref. [26,27] to accurately describe the ex-
perimentally observed water-graphene contact angle.
The non-bonded interactions between the carbon atoms






















= 0.392 kJ/mol and σ
CO
= 0.319 nm are
the LJ parameters between carbon to oxygen atoms
[26]. Similarly, ε
CH
= 0.243 kJ/mol and σ
CH
= 0.282
nm are the LJ parameters between carbon to hydrogen
atoms [27].
The interaction between the water molecules is de-
scribed using the ﬂexible ﬁxed-point charge (FPC) wa-
ter model [28]. The FPC water model is capable of
accurately reproducing the properties of water for dif-
ferent ranges of pressure, temperature, integration time
















functions that represent the bond strength energy and





denote the electrostatic potential
and van der Waals potential between water molecules
respectively. The complete details of this potential
function are described in the work by Zhang et al. [28].
Calculation of torsional force and torque on
SWCNT
The torsional force is calculated by summation of
inter-atomic forces between carbon atoms at the ends
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of the SWCNT. The inter-atomic force, F
ij
between
atoms i and j is obtained by the gradient of potential














is the distance between the atoms i and j and
E(r
ij
) is the potential between the atoms i and j.
The torque, T of SWCNT is then calculated by the
product of torsional force F and the radius R of the
SWCNT [12].
Simulation details
The work described in this paper is divided into two
parts. The ﬁrst part of the paper will focus on the tor-
sional elastic characteristics of uncapped (open ended)
SWCNTs submerged in water. The elastic properties of
the capped SWCNTs encapsulated with varying densi-
ties of water molecules are discussed in following. Fig-
ure 1 describes the method of torsional loading con-
dition applied in SWCNT considered in our study. To
investigate the eﬀect of geometry on the torsional prop-
erties of SWCNT, we considered armchair and zigzag
SWCNTs of varying aspect ratios. Furthermore, the ef-
fect of defect density and distribution on the torsional
properties is also investigated in this paper. In order to
accomplish this, ﬁrstly we constructed a single vacancy
defect approximately at the center of the SWCNT. This
vacancy defect is then expanded in the radial or axial
direction to form a bigger defect as illustrated in Fig. 2.
This method of defect reconstruction allows us to study
the role of defect distribution on the torsional proper-
ties of SWCNT [29,30].
The computational procedure described herein is
similar to our previous work on the tensile loading char-
acteristics of SWCNTs in water [30]. A simulation box
of dimension 40 A˚ × 40 A˚ × 150 A˚ is deployed in this
work to simulate the interaction of CNT with the water
molecules and PBCs are applied on all three directions
of the system. Each time step in the MD simulation has
a unit of 1 fs. At the beginning of the simulation, we
equilibrate the system to release the residual stresses
by achieving thermal equilibrium in an NVT ensemble.
The simulations are carried out by maintaining a con-
stant system temperature of 300 K and the density of
water molecules is at 0.997 g/cm3 (approx. 1 g/cm3).
The temperature stability of the system is achieved by
employing Nose-Hoover thermostat [31,32]. Following
this, the torsional loading is applied on the SWCNT
as deﬁned in Fig. 1. Equal number of atoms is ﬁxed
on the either ends of SWCNT and the number of ﬁxed
atoms at each end of SWCNTs for diﬀerent geometries
is listed in Table 1. The method of torsional rotation
applied in our simulation is shown in Fig. 1, where the
atoms at one end of the SWCNT are rigidly ﬁxed (en-
closed inside red rectangle) and the atoms at the other
end (enclosed inside black rectangle) are subjected to
constant incremental torsional rotation of 0.006 radi-
ans. After each rotation, the remaining atoms (those
that are not ﬁxed) are subjected to equilibration for
Fig. 1 The procedure of torsional loading of the SWCNT in our study. The end atoms enclosed within the red rectangle are
ﬁxed rigidly. The atoms enclosed inside the black rectangle is subjected to clockwise rotational displacement (twist speed =
0.0062 rad/ps, i.e. strain rate = 0.001 ps−1) to eﬀect torsion.
(a)
(b)
Fig. 2 An illustration of vacancy defect construction in a perfect SWCNT lattice is employed in our study. A single vacancy
defect is constructed at the center and the defect is expanded along the (a) axial or (b) radial direction. Only the front part
of the SWCNT is shown.
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Table 1 Number of Carbon atoms ﬁxed in each end
of SWCNTs
Geometry of SWCNT
Number of carbon atoms ﬁxed





1000 time steps (1 ps) such that the atoms attain the
favorable minimum energy positions. The twist speed
applied to the movable ﬁxed end of carbon atoms in
SWCNT in our MD simulation is 0.006 rad/ps. The end
atoms are subsequently again twisted to a new position
after calculation of the trajectories of atoms based on
Verlet algorithm [33]. The remaining atoms are relaxed
in an NVT ensemble and the procedure is repeated until
failure occurs.
The snap shot of the equilibrated system consisting of
a (10, 0) SWCNT in a simulation box ﬁlled with water
molecules of density 0.9 g/cm3 is depicted in Fig. 3(a).
We note from this ﬁgure that the narrow diameter of
(10, 0) SWCNT allows for a single-ﬁle arrangement of
water molecules inside the SWCNT, which is in agree-
ment with results reported in Ref. [34]. The radial dis-
tribution function (RDF) of water molecules from the




is the radial distance from the center of the SWCNT is
shown in Fig. 3(b). It can be observed from this ﬁgure
that the ﬁrst peak occurs at radial distance less than
0.05 nm which indicates a region near the center of the
SWCNT. This means that it is more likely to ﬁnd a wa-
ter molecule at the center than any other region inside
the SWCNT. The radial distribution then drops down
to zero and remains at this value until radial distances
exceed 0.69 nm. This is due to the van der Waal’s in-
teraction between the water molecules and the carbon
atoms of SWCNT as described by Eqn. (2). A second
characteristic peak is observed outside the surface of
SWCNT which is in qualitative agreement with the pre-
vious simulated results described in Ref. [35]. At larger
distances from the surface of the CNT, the radial distri-
bution function ﬂuctuates around the value of 1 due to
weak interaction between the water molecules and the
carbon atom. Overall, the resulting post-equilibrated
structure of SWCNT submerged in simulation box of
water molecules helps us to conﬁrm the accuracy of the
simulation.
Results and discussion
Validation of the simulation model
The elastic properties of a free form SWCNT under
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Fig. 3 Snap shot of an equilibrated structure of SWCNT
submerged in water where the carbon atoms of CNT are
depicted by the blue balls and the water molecules repre-
sented by red and white balls (a) and (b) radial distribution
of water molecules from the center of the SWCNT.
to validate the computational model employed in the
current study, we subjected the same SWCNT model
(a (10, 10) SWCNT of length 100 A˚) as used in Ref. [15]
simulated using the AIREBO potential function under
NVT ensemble as described in section 3. The torsional
elastic response of the (10, 10) SWCNT is depicted in
Fig. 4. The torque (measured as the product of tor-
sional force and the radius of the SWCNT) increases
linearly with strain until about it reaches a speciﬁc tor-
sional strain γ = 0.07. After this point, we note that
the nature of the curve deviates markedly from its lin-
ear behavior. This change in curve is caused due to the
elastic to plastic transition of the SWCNT under tor-
sion, which is in good agreement with results reported
in earlier research [12]. It should further be noted from
this ﬁgure that the observed maximum torque of 14.698
nN/nm at torsional strain of γ = 0.078 is in excellent
agreement with the values reported in Ref. [15].
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Fig. 4 Torque-strain and strain energy plot of the (10, 10)
SWCNT of length, L = 100 A˚ at 300 K.
Eﬀect of surrounding water molecules
This section focuses on the eﬀect of surrounding wa-
ter molecules on the torsional properties of SWCNT.
This is accomplished by submerging a (10, 10) SWCNT
in a simulation box ﬁlled with water molecules of den-
sity 0.9 g/cm3. Three lengths of the SWCNT are con-
sidered here, viz. L = 50 A˚, 75 A˚ and 100 A˚. These
lengths correspond to aspect ratios (L/D) of 3.69, 5.53
and 7.37 respectively. It should be noted that we main-
tain the same aspect ratio for diﬀerent SWCNTs con-
sidered in our study which will be described in the sub-
sequent sections. Figure 5 shows the torsional char-
acteristics of the free form and water submerged (10,
10) SWCNT. It can be noted from this ﬁgure that the
maximum torque decreases while the torsional angle in-
creases with the aspect ratio of the SWCNT, which is
similar to results reported previously Ref. [15,16]. This
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Fig. 5 Plot of the variation in the torsional response for
free form and water submerged (10, 10) SWCNTs of diﬀer-
ent aspect ratios.
and would require larger torque while SWCNTs with
large aspect ratio are slender and can be twisted eas-
ily to large angles. Furthermore, this dependence is
in agreement with the continuum elastic deﬁnition of
torque (T ) given by Ref. [15],
T = Kθ/L (5)
where K is the torsional stiﬀness, θ is the torsional an-
gle and L is the length of the tube.
It can be noted from Fig. 5 that the eﬀect of inter-
acting water molecules decreases the torsional perfor-
mance of the SWCNT. This can be explained as fol-
lows. The plot of the strain energy of the free form and
water submerged SWCNT plotted against strain is il-
lustrated in Fig. 6. It can be seen from this ﬁgure that
the strain energy of water submerged SWCNT is higher
than that of the free form SWCNT at smaller strain
levels. The interaction of water molecules surround-
ing the SWCNT increases the strain on the SWCNT
surface which reduces the torsional performance of the
SWCNT. Additionally, we can also see from this ﬁgure
that the presence of water molecules surrounding the
SWCNT decreases the threshold strain energy required
to induce elasticity to plastic transition in the SWCNT
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Fig. 6 Plot of the strain energy of the free form and water
submerged (10, 10) SWCNT of aspect ratio L/D = 7.37.
It is also worthwhile to note from Fig. 6 that at
the onset of plastic deformation, there is a change in
the quadratic behavior of the strain energy curve of
free form and water submerged SWCNT with torsional
strain. Thereafter, the strain energy of free form and
water submerged SWCNT ﬂuctuates slowly with in-
creasing torsional angle in the plastic stage. This grad-
ual change of the strain energy after plastic transition
is diﬀerent to the drastic drop in strain energy for the
case of SWCNTs under tensile [30] or compressive load-
ing [20,36]. This phenomenon as explained in Ref. [12]
is due to the reason that the elastic to plastic transition
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Fig. 7 Snapshots of torsional deformation of water submerged (10,10) SWCNT of aspect ratio, L/D = 7.37 when it is
twisted by (a) 0◦, (b) 30◦, (c) 60◦, and (d) 90◦. The water molecules are not shown in this ﬁgure for clarity.
in an SWCNT under torsion results in a small struc-
tural change compared to that of the tensile or com-
pressive loading. The variation in the strain energy
ﬂuctuations of free form and water submerged SWCNT
in the plastic stage may be attributed to the diﬀerence
in loading conditions on SWCNT caused due to absence
and presence of water molecules respectively. The snap
shots of the torsional deformation of water submerged
SWCNTs are shown in Fig. 7. In this ﬁgure, only
the carbon atoms comprising the SWCNT are shown
and the water molecules surrounding the SWCNT have
been made invisible for the ease of analysis. It can be
seen from this ﬁgure that the SWCNT maintains its
stable structure when no torsional twisting is applied
at the end atoms of the SWCNT. When the end atoms
of the SWCNT are subjected to the torsion of 30◦, the
resulting structure shows small changes compared to
that of the initial SWCNT before torsion. Higher tor-
sional angles results in screw twisted conﬁgurations of
the SWCNT.
The radial distribution of water molecules surround-
ing a (10, 0) SWCNT submerged in the simulation box
consisting of water molecules is shown in Fig. 8. It
can be noted from this ﬁgure that the ﬁrst peak oc-
curs at small radial distances of SWCNT not exceeding
0.05 nm. This means that the water molecules inside
SWCNT are more concentrated near the center of the
SWCNT. We also see that the radial distribution of the
ﬁrst peak decreases while increasing the angle of twist.
This is because twisting of SWCNT results in squeez-
ing of water molecules from the interior of the SWCNT
to outer space in simulation box. This could also be
a possibility as to why we can see an increase in the
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Fig. 8 RDF of water molecules during torsional loading of
a (10, 0) SWCNT submerged in simulation box consisting
of water molecules for diﬀerent angles of twisting displaced
vertically for clarity. The torsional loading of SWCNT re-
sults in wall contraction of the SWCNT.
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Fig. 9 Torsional characteristics of armchair and zigzag
SWCNTs submerged in water at temperature T = 300 K.
the wall of SWCNT. Similarly, as angle of twist in-
creases, the occurrence of second characteristic peak
also decreases. This is because the contraction of the
SWCNT due to twisting increases van der Waal’s dis-
tance between carbon and water molecules that will
further push the water molecules towards the wall of
the SWCNT.
Eﬀect of SWCNT geometry
In this section we investigate the eﬀect of SWCNT
geometry on the torsional properties of SWCNT sub-
merged in water. The eﬀect of chirality is analyzed by
investigating the torsional characteristics of armchair
and zigzag SWCNT. The eﬀect of size is analyzed by
varying the aspect ratio of the considered SWCNTs.
We employed (10, 10), (5, 5), (18, 0) and (10, 0) SWC-
NTs of three aspect ratios, viz. 3.69, 5.53 and 7.37.
The SWCNTs are then submerged in a simulation box
ﬁlled with water molecules of density 0.997 g/cm3 (ap-
prox. 1 g/cm3) and subjected to torsion. The vari-
ation in the torsional characteristics of the armchair
and zigzag water submerged SWCNTs are shown in
Fig. 9. We note from this ﬁgure that regardless of chi-
rality, the torque decreases with reducing diameter of
the SWCNT. This is due to the reason that reducing the
diameter of SWCNT decreases its cross sectional area
which ultimately lowers down the maximum torque of
the SWCNT. Figure 9 also shows that the armchair wa-
ter submerged SWCNTs can withstand slightly higher
torque compared to that of zigzag SWCNTs. This ob-
servation is in quantitative agreement with the study on
torsional properties of free form of SWCNTs reported
by Zhang et al. [12]. It can be noted from Fig. 10 that
the application of torsional loading in SWCNTs induces
radial wall contraction of the SWCNT. The wall con-
traction of an armchair SWCNT is comparatively lower
than that of zigzag SWCNT. The bonds in armchair
SWCNT are arranged parallel to the radial circumfer-
ence of SWCNT which could result in better resistance
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Fig. 10 Percentage contraction in radius of armchair and
zigzag SWCNTs.
Eﬀect of location and number of defects on
SWCNT
The eﬀect of location and number of defects on elastic
properties of water submerged SWCNT is discussed in
this section. For this purpose we considered (5, 5) and
(10, 10) SWCNTs of aspect ratio 7.37 under torsional
loading as shown in Fig. 1. The mechanical character-
istics of the water submerged SWCNTs with diﬀerent
defect density are shown in Fig. 11. The presence of de-
fects strongly impact the torsional properties of water
submerged SWCNTs which is consistent with the ob-
servations on free form SWCNTs [12]. Additionally, it
can be seen that the dependence of torque on the pres-
ence of vacancy defects is more sensitive to the diameter
of SWCNT. For instance, the percentage drop in maxi-
mum torque for a (5, 5) SWCNT due to the presence of
3 vacancy defects in axial direction is about 41%. This
drop is signiﬁcantly much higher than that of a (10, 10)
SWCNT with similar vacancy conﬁguration that expe-
rience a drop of about 16%. This is because the (5, 5)
SWCNT has a smaller diameter and the defect region
occupies a much larger portion when compared to that
of the (10, 10) SWCNT with a bigger diameter.
We also investigated the eﬀect of defect location on
the torsional response of water submerged SWCNTs.
By varying the defects along the axial or radial direc-
tion of SWCNT (Fig. 2), the dependence of defect dis-
tribution on the torsional response can be studied. We
note from Fig. 11 that the defects placed along the ra-
dial direction of SWCNT has a signiﬁcant impact on
the torsional response of SWCNT compared to the ax-
ial defects. Defects along the radial direction are ar-
ranged parallel to the loading direction, which will aid
in breaking and shear of SWCNTs more easily in con-
trast to that of the axial defects that are perpendicular
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to the torsional loading direction. This is an impor-
tant factor that needs to be considered while designing
SWCNT based ﬂuid delivery systems. Adequate care
must be taken to ensure that the radial defects are kept
















































Fig. 11 Variation of mechanical properties of (10, 10) and
(5, 5) SWCNTs of aspect ratio L/D = 7.37 with increas-
ing the vacancy defect concentration along the axial and
circumferential direction.
Analysis of SWCNT torsion with continuum me-
chanics theory
The torsional stiﬀness K of the SWCNTs in our study
is computed in MD simulation method by obtaining the
variation of strain energy E with the torsional angle θ.








where L is the length of the SWCNT.
The torsional stiﬀness of the free form and water sub-
merged (10, 10) and (5, 5) SWCNTs of aspect ratio 7.37
is computed using Eq. (7). The results are then plot-
ted against the respective radius of the (10, 10) and
(5, 5) SWCNTs and is presented in Fig. 12. It can be
noted from this ﬁgure that the torsional stiﬀness varies
marginally due to the presence of surrounding water
molecules. This observation is consistent with the re-
sults reported in earlier studies of Ref. [16,17] for the
case of SWCNTs interacting with various gases and
metals. For the case of freeform SWCNTs, the tor-
sional stiﬀness of (10, 10) SWCNT has increased by
670% compared to that of (5, 5) SWCNT. Similar per-
centage variations can also be observed for the case of


































































Fig. 12 Torsional stiﬀness of free form (KFF ) and water
submerged (KWS) SWCNTs depicted for various radius of
SWCNTs considered in our study.
The torsional stiﬀness K is heavily dependent on







3.07 where the subscripts
‘FF’ and ‘WS’ refers to ‘free form’ and ‘water sub-
merged’ states of SWCNTs respectively (Fig. 12). It
is worthy to note that the variation is consistent with
the prediction of linear elasticity in continuum mechan-
ics theory. In continuum mechanics theory, the strain





















is the torsional modulus, γ is the tor-
sional strain, V is the volume of the cylinder, θ is the
critical torsional angle, h and R
cyl
describes the thick-
ness and radius of the cylinder respectively.
The torsional stiﬀness of the thin walled cylinder is












From Eq. (9) we can see that the torsional stiﬀness
of the thin walled cylinder varies as K ∼ R3
cyl
, which







3.07) obtained using the MD simulation
approach.
The torsional modulus G
torsion
of SWCNT can be
obtained from the quadratic plot of variation of strain
energy E with torsional strain γ using polynomial curve









where R is the radius of the SWCNT, h is the thickness
of SWCNT and is assumed to be 3.4 A˚ [38].
The computed torsional modulus of various free form
and water submerged SWCNTs of aspect ratio 7.37 un-
der torsion is depicted in Table 2. It can be observed
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that the interaction due to surrounding water molecules
decreases the torsional modulus of SWCNTs. It is im-
portant to note that the trend of torsional modulus
variation for armchair and zigzag SWCNTs is agree
well with the earlier results obtained by MD simula-
tion studies [10,12,15]. However, the computed tor-
sional modulus is lesser than the values predicted using
continuum theory [39] and experiment [9]. The corre-
sponding shear modulus values obtained in these liter-
ature studies is given in Table 3.











(10,10) 0.378 0.351 7.1
(5,5) 0.335 0.304 9.2
(18,0) 0.367 0.338 7.9
(10,0) 0.329 0.302 8.2
Table 3 A summary of torsional modulus of SWC-







Zhang et al. [12] MD simulation 0.381
Jeong et al. [15] MD simulation 0.338
Wang et al. [10] MD simulation 0.36 ∼ 0.48
Lu and Zhang [39] Nanoscale continuum
theory
0.41 ∼ 0.54
Hall et al. [9] Experimental method 0.41 ± 0.36
Present authors MD simulation 0.329 ∼ 0.378
Elastic properties of capped SWCNT
The torsional properties of capped SWCNTs encap-
sulated with water molecules is discussed in this sec-
tion. For this purpose, we chose a (10, 10) capped
SWCNT with aspect ratio of 7.37 encapsulated with
water molecules of three diﬀerent densities (ρ) viz.
empty (ρ = 0 g/cm3), half-ﬁlled (ρ = 0.49 g/cm3) and
fully-ﬁlled (ρ = 0.98 g/cm3) SWCNT. The torsional
properties of such water encapsulated SWCNTs were
then investigated in free form and water submerged
states. The torsional response of the free form capped
SWCNTs with water molecules of diﬀerent encapsula-
tion densities is shown in Fig. 13. We note from this ﬁg-
ure that the torsional characteristics of half-ﬁlled SWC-
NTs are almost similar to that of an empty SWCNT.
The interaction force exerted by water molecules on the
half-ﬁlled capped SWCNT is depicted in Fig. 14. It can
be seen from this plot that the water molecules exert























0 0.02 0.04 0.06
Torsional strain
0.08 0.10
Fig. 13 Torsional response of a capped (10, 10) SWCNT
with aspect ratio (L/D) of 7.37 with varying water concen-



















0 0.02 0.04 0.06
Torsional strain
0.08 0.10
Fig. 14 Interaction force exerted by water molecules on
an (10, 10) SWCNT encapsulated with water molecules of
density, ρ = 0.45 g/cm3.
cause any variation in the torsional response of half-
ﬁlled SWCNT. Additionally, for the case of a fully-ﬁlled
SWCNT, the torsional response shows a marked dif-
ference compared to that of the empty and half-ﬁlled
SWCNTs. It can be noted from Fig. 13 that prior to
torsion, the fully-ﬁlled SWCNT can withstand more
torque compared to that of an empty and half-ﬁlled
SWCNT. This observation is consistent with the ear-
lier reports of the torsional response of SWCNTs ﬁlled
with SWCNTs [15], gases [17] and metals [16]. It is
worth noting that when torsional strain is about 0.06,
there is a sudden drop in torque of a fully-ﬁlled SWCNT
in contrast to that of the empty and half-ﬁlled SWC-
NTs. This can be explained by analyzing the snap shot
of the torsional deformation of fully-ﬁlled SWCNTs as
depicted in Fig. 15. The torsional twisting of SWCNT
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Fig. 15 Snap shot of the post twisted shapes exhibited by capped SWCNTs encapsulated with water molecules of varying
densities. It can be observed that an (a) empty SWCNT and (b) half-ﬁlled SWCNT do not fracture when it is subjected to
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Fig. 16 Torsional properties of the capped (10, 10) SWC-
NTs ﬁlled with varying water concentrations submerged in
water at temperature T = 300 K.
results in contraction of tube walls in the radial di-
rection of the SWCNT (as shown in Fig. 10). This
contraction result is in compression of water molecules.
Because we cannot compress the water molecules fur-
ther, therefore the water molecules have nowhere to es-
cape, but to break open the walls of SWCNT which
results in sudden drop in the torsional response of the
fully-ﬁlled SWCNT. Additionally, the release of encap-
sulated water molecules from the fully-ﬁlled SWCNT
due to torsional loading can prove to be a useful mech-
anism for nano-level ﬂuidic devices aimed at targeted
drug-delivery.
It is also useful to investigate the torsional response of
water-encapsulated capped SWCNTs submerged in wa-
ter. The variation in the torsional response of the water
submerged capped SWCNTs are compared with that of
the free form SWCNTs as shown in Fig. 16. Figure 16
indicates that the eﬀect of surrounding water molecules
reduces the torsional properties of water encapsulated
SWCNTs. Based on our foregoing discussion, presence
of surrounding water molecules increases the strain of
the capped SWCNT which aﬀects the torsional resis-
tance of capped SWCNT. Hence, it can be concluded
from this study that dense packing of water molecules
can result in breaking and fracture of capped SWC-
NTs. Furthermore, the interaction of water molecules
outside the capped SWCNT can aﬀect the overall tor-
sional response of capped SWCNTs irrespective of the
ﬁlling concentrations.
Conclusions
In this paper, the torsional characteristics of water
submerged SWCNT has been studied using MD simula-
tion method. The understanding of torsional properties
of SWCNT in hydrodynamics environment is crucial
for optimizing the performance of nano-ﬂuidic based
NEMS devices. The studies show that the torsional
characteristics of SWCNTs reduce due to the interac-
tion of surrounding water molecules. The results also
indicate that the torsional properties of SWCNTs with
defects are more sensitive to the defect distribution and
diameter of the SWCNT. Furthermore, for the case of
capped SWCNTs, dense ﬁlling of water molecules in an
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SWCNT will result in breaking and fracture of SWCNT
under torsion resulting in release of encapsulated water
molecules. This mechanism could be useful in the de-
sign of SWCNT based nano-drug delivery devices. The
results obtained from our studies will provide valuable
insights for the application of CNTs for nano-level pro-
cesses involving water molecules such as nano-ﬂuidic
devices, NEMS, and drug delivery devices.
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